Terahertz emission from the electron-hole plasma excited by a femtosecond optical pulse in GaAs-based emitters is studied by the Monte Carlo simulations. The THz energy radiated from the n-and p-doped GaAs surface THz emitters, from the contactless p−i−n emitter, and from the photoconductive emitter is evaluated. The obtained results show that the THz energy radiated by the photoconductive emitter exceeds the energy radiated by the surface and p−i−n THz emitters by more than one order of magnitude.
Introduction
Several emitter concepts for pulsed THz radiation have been developed including surface emitters [1] [2] [3] [4] , contactless p−i−n emitters [5, 6] , and photoconductive (PC) emitters [7] [8] [9] [10] . The PC emitters are considered as the most efficient THz sources. In the present work, the results of the semiclassical Monte Carlo simulations of the transient dynamics of the photoexcited electron-hole plasma in GaAs-based n-and p-doped surface emitters, contactless GaAs p−i−n emitters, and GaAs PC emitters are presented. The compositions of the surface and p−i−n emitters are optimized for maximum efficiency. The efficiencies of the optimized surface and p−i−n emitters are compared with the efficiency of the PC emitter.
Emitter models
The model of the GaAs band structure as well as the phonon and impurity scattering processes are considered following Ref. [11] . The multi-channel intercarrier scattering, the Pauli exclusion principle, and the photoexcitation of electron-hole pairs are taken into account. The central photon energy is taken as 1.55 eV. The full width at half maximum of the temporal light intensity is set to 100 fs. The exponential spatial profile of the density of photoexcited carriers is * corresponding author; e-mail: reklaitis@pfi.lt (903) considered for the surface and p−i−n emitters. The simulations are performed in the one-dimensional real space and in the three-dimensional momentum space. The simulations of the surface emitters and contactless p−i−n emitter are started from the equilibrium carrier ensemble [12] . The simulations of the photoexcitation in the PC emitter are started after the nonequilibrium steady-state electron and potential distributions are established.
For n-and p-doped surface emitters, the profile of doping concentration is taken as uniform. The thickness of the simulated structures is 4 µm, which essentially exceeds the width of depletion zone at the lowest doping concentration of 5 × 10 14 cm −3 considered in this work. The structure of the contactless p−i−n emitters is the same as the structure studied in [11] except for the thickness of the intrinsic i-layer, which is varied in the present work. The PC emitter is considered as a one-dimensional lateral n + −i−n + diode biased to a fixed voltage. The electrodes of the PC emitter are treated as doped to 10 20 cm −3 n + contacts. The electrons are injected from the contacts with the equilibrium Fermi-Dirac distribution [12] . The photoexcitation of electron-hole pairs is taken as spatially uniform over the whole volume of the PC emitter. In order to consider the depth-dependent exponential decay of carrier concentration in a one-dimensional model of the PC emitter, the depth-dependent density of photoexcited carriers is replaced by the carrier density averaged over the excitation depth.
The energy and spectrum of THz radiation are obtained from the simulated transient current of photoexcited carriers. The time-dependent THz power P (t) radiated in all directions by the electric dipole moment D(t) and the first derivative of the dipole moment are evaluated as [13] :
where ε is the vacuum permittivity, c is the speed of light, j(r, t) is the current density of electrons and holes, and the integration is taken over the volume V of the photoexcitation. The total THz energy radiated in all directions is obtained by the integration of P (t) over the duration of transient evolution of photoexcited carriers. The spectrum of radiation is found from the Fourier analysis of P (t). The calculations are carried out for the same illumination area S = 10 4 µm 2 for all three types of the emitters. For the PC emitter, the distance between electrodes is taken as 5 µm [9, 10] , and the length of electrodes is set to 2 mm.
Results
In Fig. 1 , the transient currents of the electron-hole plasma excited in n-and p-GaAs surface emitters are presented. As the doping concentration N increases, the surface field strength rises as N 1/2 [1] , and the amplitude of transient current increases. However, along with this, the width of depletion zone reduces as N −1/2 [1] , and the amplitude of the transient current tends to decrease due to the reduced part of excited carriers contributing to the transient current. The maximum efficiency is determined by the interplay between the surface electric field strength and the number of carriers contributing to the transient current. The transient current is also reduced by the electron intervalley scattering into the upper L and X valleys. The intervalley scattering is important at doping concentrations above 10 16 cm −3 . The results of simulations show that the optimal doping concentration for n-and p-GaAs surface emitters is close to 10 16 cm −3 and to 5 × 10 15 cm −3 , respectively (see Fig. 2 ). A similar situation takes place in the contactless p−i−n emitter. The transient response of the first derivative of the dipole moment in the p−i−n emitter is presented in Fig. 3 . The efficiency of p−i−n emitters is determined by the interplay between the built-in electric field strength E i and the number of carriers contributing to the transient current. The value of E i in the p−i−n structure can be estimated as E i = ε g /eL i , where ε g is the band-gap energy, e is electron charge, and L i is the thickness of i-layer. The built-in electric field increases as L i becomes reduced. However, along with this, the number of carriers, which make a contribution to the transient current is reduced. The maximum power is achieved when the value of L i is close to 0.4 µm (see Fig. 4 ). The results of the simulations of the carrier response in the PC emitter are presented in Fig. 5 . The spectra of radiated intensity are in good agreement with the experimental data [9, 10] . The simulations show that during the time interval of 1 ps after excitation, the transient current is primarily determined by the overshoot of the electron drift velocity. The subsequent slow decay in the photocurrent is controlled by the extraction of photoexcited carriers from the ilayer. The applied external electric field is screened by the spatial separation of electrons and holes resulting in the reduced rate of extraction of photoexcited carriers from the i-layer. The comparison of THz energies radiated by the n-and p-GaAs surface emitters, by the contactless p−i−n emitter, and by the PC emitter shows that the energy radiated by the PC emitter exceeds the energy radiated by the rest of the emitters by more than one order of magnitude. The obtained results also show that the efficiency of the contactless p−i−n emitter exceeds the efficiency of n-doped and p-doped surface emitters. We note that the dipole moment in the surface and p−i−n emitters are oriented perpendicularly to the surface. Therefore, only a small fraction of the generated THz energy is extracted from the surface and from the p−i−n emitters.
In summary, Monte Carlo simulation of GaAs-based pulsed THz emitters was carried out. The simulation shows that the efficiency of surface emitters depends on the doping concentration. The efficiency of the contactless p−i−n emitters depends on the thickness of the i-layer. The optimal doping concentrations for the surface GaAs emitters and the optimal length of the i-layer for the contactless p−i−n emitter are estimated. It was obtained that the THz energy radiated by the photoconductive emitter essentially exceeds the THz energy radiated by the surface and p−i−n emitters.
